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INDUCTION OF DNA POLYMERASE IN HUMAN
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Communicated by Thomas F. Anderson, August 5, 1968
The lymphocytes of human peripheral blood have been the subject of recent
immunologic studies. Although these cells seldom grow or divide in vitro, the
addition of phytohemagglutinin (PHA), an extract of the kidney bean (Phaseolus
vulgaris), to the culture medium initiates a striking transformation: 90 per cent
of the cells enlarge, synthesize DNA, and divide.' Smaller percentages of cells
show similar responses to many other mitogens, including appropriate immuno-
logic stimuli.2 The effects of PHA have been extensively monitored by the
morphologic transformation of the cells (blastogenesis) and by labeling the
DNA of the cell upon the addition of radioactive thymidine to the culture.
Changing patterns of RNA3-6 and protein', 6 metabolism as well as histone
acetylation5 have also been well documented. The mitogenic effect of PHA has
been extensively utilized for studies of human chromosomes.
This communication is the first report that the DNA polymerase activity of
human lymphocytes increases 30- to 100-fold when these cells are cultured in
the presence of phytohemagglutinin. The increase in DNA polymerase activity
as measured in disrupted cell preparations is correlated both quantitatively and
temporally with the ability of these cells to incorporate thymidine into DNA.
Materials and Methods.-[a-P32]-labeled thymidine triphosphate was purchased from
the International Chemical and Nuclear Corporation, City of Industry, California.
H3- and C14-labeled deoxynucleotides were purchased from Schwarz BioResearch, Inc.,
and unlabeled nucleotides from the California Foundation for Biochemical Research.
Calf thymus DNA, E. coli DNA, crystalline pancreatic DNase, and micrococcal nuclease
were acquired from Worthington Biochemical Corporation. Sea urchin nuclear DNA
polymerase was purified about 300-fold from S. purpuratus embryos,7 and E. coli DNA
polymerase was fraction IX in the procedure of Richardson et al.8 Poly dAT was made by
the de novo reaction catalyzed by E. coli DNA polymerase.9 "Activated" calf thymus
DNA was made by digesting the DNA with minute amounts of pancreatic DNase.Y0 The
course of the reaction was monitored with sea urchin nuclear DNA polymerase. Maxi-
mum activation was achieved when about 2% of the DNA was rendered acid-soluble.
The s2ot of the "activated" DNA was 2.4, as determined by boundary centrifugation on a
Spinco analytical ultracentrifuge, and the increase in absorbancy at 260 m/A was 21%
upon heating. "Activated" dAT was made in a similar manner, except that at a maxi-
mum activation 6% was acid-soluble. DNA was heat-denatured by keeping a solution
of DNA (1 mg/ml in 0.01 M KCl) at 100'C for 10 min and then immediately cooling in an
ice-water bath. Actinomycin D was a gift of Merck Sharp and Dohme, Rahway,
New Jersey. Phytohemagglutinin M (1 mg protein/ml) was obtained from General
Biochemicals, Chagrin Falls, Ohio (lot 685,291) and Difco Laboratories, Detroit, Michigan
(lot 513, 461).
Lymphocytes were isolated from human peripheral blood by the method of Bach and
Hirschhorn."' The lymphocytes were suspended at a concentration of 7.5 X 105 cells/ml
in MEM Spinner medium supplemented with 20% fetal calf serum, penicillin, strepto-
mycin, and glutamine. Aliquots of 2 ml were incubated with 0.05 ml of phytohemag-
glutinin in 15-ml Corex tubes at 370C for 3 days. These conditions resulted in maximal
incorporation of thymidine into DNA, as well as maximum levels of DNA polymerase
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activity. The cells were collected and washed in 2 ml of 0.15 M KCl at0OC by centrif-
ugation at 2500 X g for 10 min. To the final pellet was added1 ml of a solution made
up of 20% (w/v) glycerol (Matheson, Coleman and Bell, Spectroquality grade), 0.02 M
potassium phosphate buffer (pH 7.4),0.001 M potassium versenate, and 0.004 M reduced
glutathione. The suspension was sonicated at00C until 99% of the cells were disrupted.
Sonication was performed three times for 30 see at a setting of 4 on a Branson Sonifier,
model S-75, equipped with a microtip. The final preparation was stored in this medium
at-40oC with no detectable loss of DNA polymerase activity up to 2 months. Large
amounts of enzyme were prepared by combining many cultures of 2 or 4 ml each.
Assay of DNA polymerase: The assay measures the incorporation of H3-, C14-, or
P32-labeled deoxynucleoside triphosphates into an acid-insoluble product. The standard
reaction mixture, contained in a total volume of 0.3 ml, is the following: 25 Mmoles tris-
(hydroxymethyl)aminomethane-maleate (tris-maleate) buffer, pH 8.0; 3Mmoles MgCl2;
1 Mmole KCl; 0.3 jsmole l3-mercaptoethanol; 25 m/umoles each of dATP, dCTP, and
dGTP, and 10 mgmoles of [a-P32]-dTTP (about 5 X 104 dpm/mimole); 266 mjumoles of
"activated" calf thymus DNA; and 0.025-0.10 ml of the lymphocyte preparation. In-
cubation was for 1 hr at 370C and the reaction was stopped with 0.5 ml of cold 1 N per-
chloric acid containing 0.01 JI sodium pyrophosphate. After 20 min at 0OC, the pre-
cipitate was collected on glass-fiber filterst2 or by a modification of the centrifugation
method of Mazia and Hinegardner.'3 In the latter, the DNA is repetitively solubilized in
0.2 N NaOH and precipitated with acid. The final pellet is dissolved in 1 ml of hyamine-
OH (Packard Instrument Co.) and after addition of a liquid scintillation solution, the radio-
activity is determined. In the filtration method 0.02-0.1% of the unincorporated
radioactivity remains on the filter, whereas the centrifugation method reduces nonspecific
adsorption to less than 0.003%. In both procedures the amount of deoxynucleotide
incorporated into acid-insoluble material is the same. All assays were performed in
triplicate and processed by the filtration method, unless stated otherwise.
Other methods: The relative rate of protein synthesis was determined by adding L-
leucine-C4 (spec. act., 180mc/mM, 2.0 ,c/ml of culture) 1 hr before harvesting the cells.
After sonication, the radioactivity incorporated into a 0.2-ml aliquot of the culture was
determined by precipitating the protein with 1 ml of 1 N perchloric acid and washing by
centrifugation as in the polymerase assay. The incorporation of thymidine into DNA
was determined with thymidine-methyl-H3 (Schwarz BioResearch, Inc., 11 c/mmole,
2.5 MAc/ml of culture) added 1 hr prior to terminating the culture. Just before the cells
were harvested, 0.1 ml of 0.1 M unlabeled thymidine was added; and after sonication,
0.1 ml of denatured calf thymus DNA (1 mg/ml) was added as a carrier. The radioactivity
incorporated into acid-insoluble material was determined by the centrifugation procedure.
Protein was determined by the method of Lowry et al.14 Phosphate was determined by
the method of Ames and Dubin."5
Results.-A direct comparison of the amount of DNA polymerase activity in
human lymphocytes which have been cultured in the presence and absence of
phytohemagglutinin (PHA) is given in Table 1. In all, 16 such comparisons
have been made, and without exception the level of DNA polymerase activity
in the cells cultured in the presence of PHA has been at least 30-fold greater
than that in identical cultures maintained in the absence of PHA. The DNA
polymerase activity per milligram of protein of the PHA-treated lymphocytes
is as great or greater than that of most other rapidly proliferating animal tissues.
(1) DNA polymerase activity: (a) Requirements: Table 2 shows that the
requirements for DNA polymerase activity are similar to those reported in
other DNA polymerase systems. The presence of Migg++, DNA, and the four
deoxynucleoside triphosphates is required for maximal incorporation. In the
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TABLE 1. Induction of DNA polymerase activity by phytohemagglutinin.
---dTMP32 Incorporated (,Amoles/hr)-
Experiment Control PHA-treated
1 2 109
2 1 74
3 0 74
4 4 193
5 1 148
In each experiment, lymphocytes from the same individual were grown for three days in the ab-
sence (control) or the presence of PHA. DNA polymerase activity was assayed as given in Method8
with 0.1 ml of the final preparation from control and PHA-treated lymphocyte preparations. The
incorporation into acid-insoluble material was determined by the centrifugation method.
absence of dGTP, dCTP, and dATP, incorporation of residues of dTMP32 is
reduced to 18 per cent of the complete reaction mixture. In other experiments
in which dCTP-C'4, dATP-H3, and dGTP-C14 were added in the absence of the
other three deoxynucleotides, incorporation was reduced to 28, 6, and 18 per
cent, respectively, from that obtained in the complete reaction mixture. The
lack of absolute dependence on the presence of four deoxynucleotides is con-
sistent with results reported for other crude extracts from animal tissues and
may be due to the presence of "terminal" deoxynucleotidyl transferase enzymes.16
It is also shown that the product of the reaction is sensitive to degradation by
DNase, but not by RNase.
(b) Kinetics: As is shown in Figure la, the rate of incorporation is linear for
nearly two hours. After incubation for four hours, a time at which there is
little further incorporation, each component of the reaction was added back
individually. The greatest stimulation was elicited by adding the enzyme. This
suggests that the termination of the reaction results, for the most part, from the
TABLE 2. Requiremnts for DNA polymerase activity.
dTMP32 incorporated
Reaction mixture (pumoles/hr)
Complete 104
Minus DNA 0
Minus Enzyme 0
Minus MgCla 0
Minus dATP 34
Minus dCTP 30
Minus dGTP 25
Minus dGTP, dCTP 17
Minus dGTP, dCTP, dATP 19
Plus actinomycin (5 ,ug) 100
Complete + 20 ;&g RNase* 107
Complete + 20,ug DNase* 2
The complete system for the reaction is described in the text. The enzyme preparation was from
PHA-stimulated lymphocytes which had been extensively dialyzed at 0°C against 2000 volumes
of 20% (w/w) glycerol, 0.02 M tri8-maleate buffer (pH 7.8), 0.001 M potassium versenate, 0.01 M
#-mercal)toethanol. Unless otherwise indicated, each reaction mixture contained 0.05 ml of the
dialyzed lymphocyte preparation (53 ,ug of protein). All determinations were performed in tripli-
cate and the acid-insoluble precipitate was washed by the centrifugation method.
* In these tubes, after incubation the reaction was terminated by heating at 600C for 10 min. After
cooling, 0.02 ml of either DNase (1 mg/ml) or RNase (1 mg/ml) was added and the tubes were
incubated an additional 30 min at 37°C. The reaction was then stopped as in the standard DNA
polymerase assay.
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FIG. 1.-(a) Time course of the DNA polym-
erase reaction. The standard assay was
used with 26 ug of the lymphocyte prepara-
tion which had been cultured for 3 days in the
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(c), and (d) is expressed as mlimoles of residues
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(b) DNA polymerase activity as a func-
tion of enzyme concentration. The con-
centration of the PHA-treated lymphocyte
preparation is expressed as micrograms of
protein added to each tube. Enzyme dilu-
tions were made in the same solution used
for sonication of the lymphocytes.
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(d) Activity as a function of MgCl2 and
MnSO4 concentration.
destruction of the enzyme during incubation. After prolonged incubation for
as long as 20 hours, there was no detectable destruction of the product of the
reaction. The extremely low level of DNase activity in these lymphocyte prep-
arations has been confirmed by measuring the rate of hydrolysis of labeled DNA
into acid-soluble products.
(c) Optimal conditions: The pH optimum in tris-maleate buffer is 8.0. The
incorporation is linear over a range of protein concentrations from 5 to 50 ,ug
which corresponds to 7 X 103 to 7 X 104 cells (Fig. lb). The DNA polymerase
activity as a function of the amount of added primer is shown in Figure ic. Even
though the lymphocyte preparations contain some DNA (0.73 ,ug/106 cells),
there is no detectable activity in the absence of added DNA. Figure id shows
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the DNA polymerase activity as functions of added 1\Ig++ and 1\In++. In the
absence of these divalent cations there is no activity. 1\Iaximal iiicorporatioin
is observed at Mg++ concentration of 8-10 mM, and considerable activity occurs
at an Mn++ concentration of 0.2 m.M.
(d) Effect of various treatments on priming: A limited digestion of calf
thymus DNA with trace amounts of pancreatic DNase, an endonuclease that
cleaves phosphodiester bonds of DNA to form 3'-hydroxyl and 5'-phosphoryl
terminii ("activated" DNA), causes a marked stimulation itA- the effectiveness of
the DNA as a primer (Table 3). Digestion to a similar extent with micro-
coccal nuclease, an endonuclease that splits DNA to produce 3'-phosphoryl
and 5'-hydroxyl groups, abolishes all priming activity. Less extensive but
similar effects have been reported in several DNA polymerizing systems'2 17-19
and show that the nature of the terminal group has marked effects on the ability
TABLE 3. Primer requirement.
dTMPS2
incorporation
Primer Pretreatment (puymoles/hr)
Calf thymus DNA (1) Activated with pancreatic DNa.e 87
(2) Activated and then heat denatured 30
(1) None (native) 4
(2) Heat denatured 6
(1) Digested with micrococcal nuclease 0
(2) Digested and then heat denatured 0
E. coli DNA (1) None (native) 9
(2) Heat denatured
Cl. perfringens DNA (1) None (native) 10
(2) Heat denatured 8
Poly dAT (1) None (native) 45
(2) Activated with pancreatic DNase 78
DNA polymerase activity was determined, as given in Methods, by the procedure of washing the
acid-insoluble material by centrifugation. Each assay contained 52.7 ,ug of protein from PHA-
stimulated lymphocytes, 266 mpmoles of DNA, or poly dAT having an absorbance at 260 ma of
1.0. dGTP and dCTP were omitted from the poly dAT-primed reaction mixture. Pretreatment
of calf thymus DNA and poly dAT with pancreatic DNase is described in Methods. Calf thymus
DNA was digested with micrococcal nuclease until 4% was rendered acid-soluble.2'
of DNA to act as a primer. It is apparent that both native and heat-denatured
DNA have limited priming ability; with different DNA's varying preferences
were exhibited. The effectiveness of the exact helical structure of poly dAT
as a primer and the reduction in the priming activity of "activated" DNA by
heat denaturation confirm that the enzyme is capable of utilizing double-
stranded DNA as a primer. This is in contrast to calf thymus DNA polymerase
which requires single-stranded DNA as a primer.20
(2) Increase in DNA polymerase activity in lymphocytes: Figure 2 shows the
results of concomitant assays of DNA polymerase activity and of the ability of
cells to incorporate leucine into protein and thymidine intoDNA at various times
after the addition of PHA to these cultures. The increase in DNA polymerase
activity is not immediate, and only after two days is it evident. The increase
and maximal stimulation of polymerase activity is closely paralleled by the in-
crease in the ability of the cells to incorporate labeled thymidine into DNA.
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FIG. 2.-Alterations in lymphocyte metabolism induced by phytohemagglutinin. All
results shown were obtained from aliquots of lymphocytes from the same individual
which were cultured simultaneously in the presence and absence of PHA. Thymidine-Hi
was added 1 hr prior to harvesting the cells, and incorporation represents the averages of
quadruplicate determinations. On the same cultures, DNA polymerase activity was
determined with the standard reaction mixture. At three days the percent standard
deviation for thymidine incorporation and DNA polymerase activity was 19.7 and 6.9,
respectively. Velban was added 2 hr prior to harvesting cells for microscopic examina-
tion. In other cultures the rate of protein synthesis was monitored by adding L-leucine-
H3 1 hr prior to harvesting the cells (see Methods).
The enhanced incorporation of labeled leucine into protein occurs prior to the
increase in polymerase activity and may include the augmented synthesis of this
enzyme. The observed lymphoblast transformation occurs after the increase in
polymerase activity.
It could be argued that the increase in polymerase activity is brought about
by a phytohemagglutinin-induced loss of an inhibitor. No evidence in support
of an inhibitor hypothesis was obtained in experiments directed at detecting the
presence of an inhibitor in uncultured preparations of lymphocytes as well as in
preparations cultured in the absence of phytohemagglutinin. There is no
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change in activity after the cells have been washed or after the disrupted prep-
arations of untreated lymphocytes have been dialyzed. When graded amounts
of untreated lymphocytes are added to PHA-stimulated lymphocytes, there is no
diminution of polymerase activity. Even the addition of the unstimulated
lymphocytes to purified sea urchin nuclear DNA polymerase and E. coli poly-
merase does not diminish their activities.
Discussion.-The correlation between the incorporation of thymidine into
these lymphocyte cultures and the DNA polymerase activity in vitro is remark-
ably close. However, the conditions for DNA synthesis, when thymidine is
supplied exogenously, differ sharply from the conditions used to assay DNA
polymerase activity. In the cultures, DNA synthesis was determined by measur-
ing the incorporation of thymidine, whereas in the polymerase assay thymidine
triphosphate was the labeled precursor. There is considerable evidence in the
literature to indicate that the pathway by which thymidine is incorporated into
DNA is not identical to the pathway by which the cell synthesizes DNA de-
novo. In the former, thymidine is sequentially phosphorylated to thymidine
triphosphate; in the latter, the ribonucleoside diphosphates are reduced to the
corresponding deoxyribonucleotides.22 The correlation observed here means
either that both pathways are under stringent coordinate controls or that DNA
polymerase activity is limiting in unstimulated cells. Experiments are being
conducted to distinguish between these alternatives.
It is possible that the stringent requirement of this DNA polymerase activity
for DNA primers with 3'-hydroxyl termini may be representative of the conditions
during actual chromosomal replication. The parallel between the synthesis of
DNA and the amount of DNA polymerase activity indicates that such a poly-
merase may indeed be involved in DNA replication. A similar requirement for
3'-hydroxyl ends has been noted for other DNA polymerase activities,'2 17-19
even though such a requirement does not prevent E. coli DNA polymerase from
replicating single-stranded circular DNA.23 In eucaryotic tissues there is
considerable evidence to indicate that replication is initiated at multiple chromo-
somal sites.24' 25 There is not sufficient evidence to establish whether this ini-
tiation of replication involves prior breaks in the DNA molecule and whether
these breaks generate 3'-hydroxyl termini.
Human peripheral lymphocytes are well-differentiated cells and have been
classified as the end stage of lymphoid maturation. In vivo, they do not appear
to replicate or synthesize DNA,' they synthesize little protein,26 and they may
have a life span of many years.27 Without external stimuli their nonproliferative
behavior is continued in culture. As shown, the addition of PHA to such a cul-
ture markedly alters this behavior and the cells commence to replicate. Al-
though the increase in DNA polymerase activity is not the earliest effect of
PHA on these cells, yet this specific alteration can serve as an index character-
istic of the transformation of these cells into a replicating population. Since
DNA polymerase activity is determined in vitro, it is independent of fluctua-
tions in the concentrations of metabolites that affect the incorporation of labeled
precursors into whole cells. The increase in polymerase activity may be
essential for replication of lymphocytes and so may be relevant for the expression
of their immunologic properties.
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Summary.-Human lymphocytes cultured in the presence of phytohemag-
glutinin exhibit a marked stimulation of DNA polymerase activity. This in-
crease in activity parallels the ability of the cells to incorporate thymidine into
DNA. Native DNA which has been maximally "activated" with pancreatic
deoxyribonuclease is the most effectively utilized primer for the PHA-induced
polymerase activity.
We thank Drs. B. Blumberg, J. Schultz, and P. C. Nowell for their generous counsel.
* This investigation was supported by the American Cancer Society (grant E-483), supple-
mented by a grant from the Stanley C. Dordick Foundation, USPHS grants CA-06551, CA-
08069, CA-06927, and FR-05539, and an appropriation from the Commonwealth of Pennsyl-
vania.
t Also a member of the Department of Pathology, School of Medicine, University of Penn-
sylvania, Philadelphia.
I Research training fellowship awarded by the International Agency for Research on Cancer.1 Nowell, P. C., Cancer Res., 20, 462 (1960).
2 Oppenheim, J. J., Federation Proc., 27, 21 (1968).
3 Cooper, H. L., J. Biol. Chem., 243, 34 (1968).
4Cooper, H. L., Cancer Res., in press.
5 Pogo, B. G. T., V. G. Allfrey, and A. E. Mirsky, these PROCEEDINGS, 55, 805 (1966).
6 Mueller, G. C., and M. L. Mahieu, Biochim. Biophys. Acta, 114, 100 (1966).
7Loeb, L. A., in preparation.
8 Richardson, C. C., C. L. Schildkraut, H. V. Aposhian, and A. Kornberg, J. Biol. Chem.,
239, 222 (1964).
9 Radding, C. M., and A. Kornberg, J. Biol. Chem., 237, 2877 (1962).
10 Aposhian, H. Y., and A. Kornberg, J. Biol. Chem., 237, 519 (1962).
11 Bach, F., and K. Hirschhorn, Science, 143, 813 (1964).
12 Loeb, L. A., D. Mazia, and A. D. Ruby, these PROCEEDINGS, 57, 841 (1967).
13 Mazia, D., and R. T. Hinegardner, these PROCEEDINGS, 50, 148 (1963).
14 Lowry, 0. H., N. J. Rosebrough, A. L. Farr, and R. J. Randall, J. Biol. Chem., 193, 265
(1951).
15 Ames, B. N., and D. T. Dubin, J. Biol. Chem., 235, 769 (1960).
16 Yoneda, M., and F. J. Bollum, J. Biol. Chem., 240, 3385 (1965).
17 Richardson, C. C., C. L. Schildkraut, H. V. Aposhian, A. Kornberg, W. Bodmer, and
J. Lederberg, in Symposium on Informational Macromolecules, ed. H. Vogel (New York: Aca-
demic Press, 1963), p. 13.
18 Montsavinos, R., and B. Munson, J. Biol. Chem., 241, 2840 (1966).
19 Okazaki, T., and A. Kornberg, J. Biol. Chem., 239, 259 (1964).
20 Bollum, F. J., J. Biol. Chem., 234, 2733 (1959).
21 Richardson, C. C., and A. Kornberg, J. Biol. Chem., 239, 242 (1964).
22 Larsson, A., and P. Reichard, in Progress in Nucleic Acid, ed. J. N. Davidson and W. E.
Cohn (New York: Academic Press, 1967), vol. 7, p. 303.
23 Goulian, M., A. Kornberg, and R. L. Sinsheimer, these PROCEEDINGS, 58, 2321 (1967).
24 Huberman, J. A., and A. D. Riggs, J. Mol. Biol., 31, 579 (1968).
25 Taylor, J. H., J. Mol. Biol., 31, 579 (1968).
26 Kay, J. E., and A. Korner, Biochem. J., 100, 815 (1966).
27 Fitzgerald, P. H., J. Theoret. Biol., 6, 12 (1964).
834 PROC. N. A. S.-
